Rapid evolution driven by positive Darwinian selection is a recurrent theme in male reproductive protein evolution. In contrast, positive selection has never been demonstrated for female reproductive proteins. Here, we perform phylogeny-based tests on three female mammalian fertilization proteins and demonstrate positive selection promoting their divergence. Two of these female fertilization proteins, the zona pellucida glycoproteins ZP2 and ZP3, are part of the mammalian egg coat. Several sites identified in ZP3 as likely to be under positive selection are located in a region previously demonstrated to be involved in species-specific spermegg interaction, suggesting the selective pressure is related to male-female interaction. The results provide long-sought evidence for two evolutionary hypotheses: sperm competition and sexual conflict.
O
ne of the striking features that has emerged from the study of reproduction is diversity (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Diversity has been observed in several morphological traits that are involved in reproduction, including sperm (14) and reproductive organ (15) morphology. Recently, male-derived molecules involved in reproduction have been shown to be extraordinarily divergent between closely related species (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . These molecules include proteins involved in signaling between males and females (3) (4) (5) , fertilization (6) (7) (8) (9) (10) (11) , sperm chromosome condensation (1, 12) , and sex-specific transcription (16, 17) . However, only the divergence of molecules from males has been shown to be driven by positive selection. The divergence of female reproductive proteins has never been demonstrated to be promoted by selection. This finding is surprising because many of the models that account for rapid evolution of reproductive proteins are based on male-female interaction and therefore would predict that female proteins also would be subjected to positive selection. These models include sperm competition, a process in which it has been demonstrated that females play a significant role (19, 20) , and sexual conflict, a model that explicitly assumes adaptive evolution of female proteins (2, 20) . To examine whether female reproductive molecules undergo adaptive evolution, we performed phylogeny-based statistical tests of positive selection on three mammalian female reproductive proteins. Our goal was to determine whether any female reproductive proteins were subject to positive selection. Because such selection is most likely to act on extracellular or surface proteins involved in male-female (sperm-egg or oviduct) recognition (rather than on all reproductive proteins) we concentrated on those reproductive proteins that are known to play important roles in sperm-egg interaction [ZP2 and ZP3, vertebrate egg coat (zona pellucida) proteins; ref. 21] or that have been suggested to be involved in fertilization [oviductal glycoprotein (OGP); ref . 22] .
A stringent and unequivocal signal of positive Darwinian selection in molecular evolution is a significantly higher nonsynonymous (d N ; amino acid replacing) than synonymous (d S ; silent) substitution rate (23) . The ratio of the two rates, d N ͞d S , denoted herein, measures the magnitude and direction of selective pressure on a protein, with ϭ 1, Ͻ1, and Ͼ1 indicating neutral evolution, purifying selection, and positive diversifying selection, respectively. This criterion has been used to demonstrate rapid evolution of male reproductive proteins in a variety of invertebrate and vertebrate species (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) . Recently, Wyckoff et al. (1) used the ratio and other criteria to demonstrate the rapid evolution of male reproductive proteins in primates. In their study, female reproductive proteins, including OGP and ZP3, were placed within a control group of nonrapidly evolving genes expressed in a variety of tissues (1) . To elucidate the selective forces underlying the rapid divergence of reproductive proteins, it is important to analyze female, as well as male, reproductive proteins.
The diversity of female reproductive proteins was previously analyzed by two-dimensional denaturing PAGE (24) . Both female and male reproductive proteins were more diverse than proteins from other tissues. However, because DNA sequences were unavailable for these proteins, it was not possible to test for positive selection and therefore impossible to rule out that the divergence was simply caused by lack of constraint and neutral drift. In the one case of a female reproductive protein for which was estimated, an egg coat gene in abalone, was Ͻ1, indicating no signs of positive selection (25) . Additional tests of neutrality for that gene, including methods presented herein and analyses of a polymorphism survey, are consistent with that conclusion (52) . However, the repetitive nature of the abalone female protein suggested a hypothesis for the rapid evolution of its male ligand that did not require positive selection acting on the female receptor (25) and was consistent with a previous model for the evolution of species-specific interaction of gametes (6, 26) .
Here we present an analysis suggesting that positive Darwinian selection promotes the divergence of three mammalian female reproductive proteins (ZP3, ZP2, and OGP) from a variety of mammalian species. ZP3 is the primary speciesspecific binding site for sperm, and species-specifically induces sperm to undergo the acrosome reaction (21) . ZP2 binds acrosome-reacted sperm and has been termed the secondary sperm receptor (22) . The role of OGP in fertilization remains unclear, but estrous oviductal fluid, which would contain OGP, plays a role in species-specific gamete interaction (28) . . Furthermore, to demonstrate the reliability of these new analyses, we perform calculations on two control proteins: (i) the class I MHC glycoprotein, which is known to be subjected to positive selection (thus serving as a positive control) and whose structure and variable regions are known (30) and (ii) a housekeeping gene, carbonic anhydrase I, for which there is no evidence of positive selection (thus serves as a negative control).
With the control proteins confirming the robustness of the methodology used, we demonstrate that ZP3, ZP2, and OGP are subjected to positive Darwinian selection. Furthermore, we identify specific residues of these proteins that may be the targets of selection and are perhaps involved in species-specific gamete interaction. Protamine P2:
Materials and Methods
X72968 (P. troglodytes), AF215723 (P. panis- cus), X71336 (G. gorilla), AF215713 (H. sapiens), X71339 (H. lar), X71337 (P. pygmaeus), X71340 (Macaca nemestrina), X85371 (C. jacchus), X71335 (Alouatta seniculus). Transition protein 2: L03378 (H. sapiens), AF071208 (C. familiaris), X14776 (R. norvegicus), J03494 (M. musculus) X56401 (B. taurus), AF215720 (M. mulatta), AF215719 (P. pygmaeus), AF215718 (G. gorilla), AF215717 (P. paniscus), AF215716 (P. troglodytes). Class I MHC: M94053 (H. sapiens), M24039 (H. sapiens), M24034 (H. sapiens), Z27120 (H. sapiens), X13111 (H. sapiens),
X61701 (H. sapiens).
Carbonic anhydrase I:
Statistical Analyses. Amino acid sequences were aligned by using CLUSTALW (http:͞͞www2.ebi.ac.uk͞clustalw͞), and the aligned proteins were used to generate nucleotide alignments (http:͞͞bioweb.pasteur.fr͞seqanal͞interfaces͞protal2dna-simple.html). We applied the maximum likelihood method of Nielsen, Yang, and coworkers (31) (32) (33) to test for positive selection and to infer amino acid sites under positive selection. The codeml program in PAML (31) was used. The major advantage of these likelihood models over previous analysis is that they account for variable selective pressures among sites by assuming that there are different classes of sites in the gene with different ratios. The analysis consists of two major steps. The first step uses the likelihood ratio test to test for positive selection, that is, for presence of sites with Ͼ 1. This is achieved by comparing a null model that does not allow for sites with Ͼ 1 and a more-general model that does. We used two likelihood ratio tests. The first compares model M0, which assumes one for all sites, with M3 (discrete), which assumes three site classes with independent s estimated from the data. Because M0 involves one parameter whereas M3 involves five (two proportions and three ratios), twice the log-likelihood difference (2⌬l) is compared with the 2 distribution with d.f. ϭ 5 Ϫ 1 ϭ 4. This is a test for variation of among sites, but when estimates of under M3 are Ͼ1, positive selection is implicated. The second test is a refined test for presence of sites under positive selection. The null model (M7 beta) assumes a beta distribution B(p, q), with limited in the interval (0, 1). This is a flexible distribution, but is limited to the interval (0, 1), where 0 indicates complete constraint and 1 is the expectation under no selective constraint. The alternative model M8 (beta and ) adds an extra class of sites with estimated, so that a proportion p 0 of sites come from the beta distribution B(p, q) and the remaining sites (p 1 ϭ 1 Ϫ p 0 ) have a ratio estimated from the data that can be greater than 1. M8 has two more parameters than M7, so d.f. ϭ 2. Likelihood analyses using other models of variable ratios among sites also were performed and produced consistent results with those presented here (data not shown).
The second major step of the analysis is to identify residues under positive selection when the likelihood ratio test suggests their presence. This is achieved by using the Bayes theorem to calculate the (posterior) probabilities that each site, given the data at that site, are from the different classes (32, 33) . Sites with a high probability of coming from the class with Ͼ 1 are likely to be under positive selection. Positions predicted to be under positive selection for the MHC were mapped onto the crystal structure (PDB file 1QLFA) using MOLSCRIPT (34) .
These methods analyze variation in the ratio within a phylogenetic context. Previous analyses have demonstrated the methods are fairly robust to different tree topologies (33) . The phylogenetic trees used in our analyses are seen in Fig. 2 , which is published as supplemental material on the PNAS website, www.pnas.org. We also performed the analyses by using alternative tree topologies and found results consistent with those presented here (data not shown).
We note that the statistical analysis used here is able to demonstrate adaptive molecular evolution by revealing unequivocal evidence for positive diversifying selection, but cannot provide a mechanism for the positive selection. However, by pinpointing amino acid sites likely to be involved in positive selection, such analysis might provide important clues for further laboratory investigation.
Results
The average d N ͞d S ratios () averaged across lineages and sites are smaller than one in all reproductive and control proteins used here (Table 1) . However, these proteins could contain constrained amino acid sites subjected to purifying selection with close to zero as well as sites that could be subjected to positive selection. A large number of constrained sites would mask a signal of positive selection when the ratio was averaged over all sites, and therefore the average is not a sensitive measure of selection (32, 33 ). Thus, we tested for positive selection at individual amino acid sites using maximum likelihood models that account for variable selective pressures among sites indicated by the ratio (32, 33) . Similar methods also have been developed to measure variation in the between sites (35), but they require more data than is currently available for the female reproductive proteins ZP2, ZP3, and OGP.
Control Proteins: Class I MHC and Carbonic Anhydrase. To demonstrate the reliability of the method in detecting positive selection and inferring sites potentially subjected to selection, we first performed likelihood ratio tests on control proteins. The ratio calculated across all sites for the class I MHC protein is Ͻ1 (Table 1) . However, it has previously been shown that the ratio calculated for the residues located in the antigen recognition site of this protein is Ͼ1, indicating positive selection (30) . Therefore, the class I MHC protein is a good test case for the likelihood models used herein. The MHC data includes sequences from the HLA-A and HLA-B loci. Similar results are obtained with 12 sequences (tree length of 0.4) from only the HLA-A locus. Both likelihood ratio tests (comparing M0 vs. M3 and M7 vs. M8, respectively) for the class I MHC protein indicate variation in between sites, with a class of sites having Ͼ 1, indicating positive selection (Table 1) . Furthermore, all of the residues identified as likely to be under positive selection are located in the antigen recognition site when mapped onto the crystal structure of MHC (Fig. 1 Left) . This result is as predicted, because it is the antigen recognition site that binds foreign peptides and is subjected to diversifying selection (30) . Note that the likelihood analysis does not use the structural information. To demonstrate that the likelihood methods do not spuriously detect selection, we performed likelihood ratio tests for a housekeeping gene that presumably evolves neutrally (a negative control protein). We use carbonic anhydrase I because it has a comparable overall level of divergence as the other genes used herein, as measured by the tree length (nucleotide substitutions per codon: Table 1 ). Comparison of model M0 with M3 suggests variation in the ratio between sites; however no sign of positive selection (as indicated by Ͼ 1) was detected ( Table 1 ).
Comparison of model M7 with M8 additionally does not detect selection (Table 1) . These control analyses support the view that the likelihood ratio tests are reliable for studying the selective pressures affecting protein evolution. This reliability also is supported by results obtained from extensive computer simulations, which show that the likelihood ratio test used here tends to be conservative but is nevertheless very powerful in detecting positive selection (M. Anisimova and Z.Y., unpublished data).
Female and Male Reproductive Proteins. Next, models M0 and M3 were compared for female and male reproductive genes. This test is significant for all female and male genes examined ( Table   1 ), indicating that the selective pressure indeed varies among amino acid sites in each protein. Furthermore, parameter estimates under M3 suggest the presence of sites under positive selection in each protein. For the three female proteins, the proportions of sites potentially under positive selection are 4.0% with ϭ 2.7 for ZP2, 8.9% with ϭ 1.7 for ZP3, 1.7% with ϭ 4.2 for OGP. For the three male proteins, the proportions are 47% with ϭ 3.6 for protamine 1, 56% with ϭ 1.2 for protamine 2, and 13% with ϭ 1.5 for transition protein 2.
As a refined test for selection, model M8 was compared with M7. M8 fits the data significantly better than M7 for all of the three female proteins and the estimated ratios for the extra class are all Ͼ1, suggesting that allowing for sites with Ͼ 1 significantly improves the fit of the model to data ( Table 1 ). The proportions of sites under selection estimated under M8 are listed in Table 1 . These proportions are similar to estimates from model M3 presented above. Thus, there is clear statistical evidence that divergence of these female mammalian reproductive proteins is promoted by positive Darwinian selection.
For the male proteins, comparison of M8 against M7 is significant for protamine P1, but not for protamine P2 and transition protein 2. The lack of significance appears to be due to the sparse sampling of species and low sequence divergence, resulting in low information content in the data. Parameter estimates under both M3 and M8 suggest high proportions of sites under diversifying selection in all three male proteins (Table  1) . Similar high proportions have been seen in other small sperm molecules under selection (36) , which might be because these The data have n sequences, each of Lc codons after alignment gaps are removed. S is the tree length, measured as the number of nucleotide substitutions per codon, and d N͞dS is the average ratio over sites and branches, both calculated under a codon model with one for all sites. The proportion of sites under positive selection (p 1), or under selective constraint (p0), and parameters p and q for the beta distribution B( p, q) are given under M8. Parameter estimates for carbonic anhydrase I come from M7, because M8 is not a significantly better fit of the data. Parameters indicating positive selection are in bold. ‫:ء‬ significant at 5% level; ‫:ءء‬ significant at 1% level. Sites potentially under positive selection identified under model M8 are listed according to the mouse sequence numbering except for protamine P1 and P2, which are numbered according to the human sequence, and class I MHC, which is numbered according to the protein data bank file 1QLFA. Positively selected sites with posterior probability Ͼ0.9 are underlined, 0.8 -0.9 in bold, 0.7-0.8 in italics, and 0.5-0.7 in plain text.
small proteins consist of only one domain upon which selection acts. Larger molecules often contain multiple domains, and selection often acts on a subset of the domains. It is likely that including more mammalian species in such an analysis would provide even stronger evidence of adaptive evolution in the male proteins. These results are consistent with the analysis of Wyckoff et al. (1) , demonstrating positive selection on these male reproductive proteins; however, some controversy exists regarding the exact nature of the selection (12, 29) .
Sperm competition (1, 18, 19) and sexual conflict (2, 20) are among possible selective forces (15) driving the divergence of these female and male reproductive proteins. The sexual conflict hypothesis assumes rapid adaptive evolution of female reproductive proteins to avoid mating-induced deleterious effects (2, 20, 37) , such as polyspermy, sensory exploitation, seminal fluid toxicity, and mating-induced reduction in female lifespan (16, (38) (39) (40) . Our demonstration that positive selection promotes the divergence of female reproductive proteins lends support to this hypothesis.
Identification of Amino Acid Positions under Positive Selection and
Their Role in Species Specificity. As with the class I MHC protein, sites subjected to positive selection may be involved in ligand recognition. Thus, identification of selected sites may shed light on the selective agents and identify regions that are functionally important for female-male (egg-sperm) interaction. To identify such regions, we used the Bayes theorem to calculate the posterior probabilities of classes for each site. Sites with high probabilities of coming from the class with Ͼ 1 are likely to be under positive selection (32, 33) . These sites are indicated in Table 1 for the female proteins (ZP2, ZP3 The molecular basis for species-specific interaction between mouse ZP3 and sperm has been extensively characterized (41) (42) (43) . Therefore, we can compare our predictions of sites potentially under positive selection to sites identified as important from detailed biochemical and genetic characterizations of this gene (Fig. 1 Right) . ZP2 and OGP have not been as well characterized as ZP3, so similar comparisons cannot be performed. For the ZP3 gene, many of the sites identified here as likely to be under positive selection fall in the region 331-373 (Fig. 1 Right; Table 1 ). This region has previously been identified as potentially governing species specificity in sperm-egg interaction by exon swapping and site-directed mutagenesis (41) (42) (43) . Although in vitro tests of expressed site-directed mutants suggest that the glycosylation sites Ser-332 and Ser-334 in mouse ZP3 are important for function, it has been suggested amino acids surrounding the glycosylation sites could influence their glycosylation pattern (41) (42) (43) . Studies of glycosylation patterns of residues in different amino acid backbone contexts support this hypothesis (44) (45) (46) (47) . However, transgenic experiments replacing mouse with human ZP3 in mouse eggs did not result in the expected switch of species specificity, suggesting factors in addition to ZP3's primary sequence also may affect the final conformation or glycosylation of the protein, leading to species specificity (48) . We also note that mouse site Ser-334 has been substituted to Ala in the marmoset (49) . Substitution from Ser to Ala would obliterate glycosylation of this residue and would provide means for substitutions at the primary sequence level to alter the glycosylation pattern. Region 331-373 also was found to be divergent in analysis of vertebrate (including nonmammalian) ZP3 molecules (50) . Our analysis suggests that the high divergence in this region results not from lack of functional constraint, but rather from positive selection promoting rapid evolution.
Discussion
We have demonstrated that the female reproductive proteins ZP2, ZP3, and OGP are subjected to positive Darwinian selection. These results lend support to the models of sperm competition (1, 18, 19) , sexual conflict (2, 20, 37) , and cryptic female choice (15) driving the evolution of reproductive proteins, because these models involve male-female interactions. It is important for functional as well as evolutionary studies to examine the rapid evolution of both female and male reproductive proteins. Functional studies can glean important information not only from conserved regions of the molecules but also from the divergent regions under positive selection, because the latter may be functionally important for specificity. Our analysis identified several sites in ZP3 under positive selection. These include a region previously implicated as functionally important in sperm-egg interaction (41) (42) (43) . Additionally, a region in ZP3 immediately following the signal sequence was identified (Fig. 1 Right) for which tests of functional importance have not been reported and which our data predict might also play a role in species specificity. The sites we identified in ZP2 as likely to be under positive selection are candidates to test for functional importance in ZP2's role as receptor for acrosome-reacted sperm (21, 27) .
It is likely that the evolution of additional female and male reproductive proteins also are promoted by positive Darwinian selection. For example, many reproductive proteins (including ZP2, ZP3, and the sperm protamines analyzed here, but not OGP) are found in the 10% most divergent sequences from an aligned set of 2,820 human-rodent orthologs (ref. 51 and our unpublished analyses). These reproductive molecules are as divergent as many genes involved in immune response. Another ZP glycoprotein (ZP1) is also among these rapidly evolving proteins, but insufficient phylogenetic sampling to date precluded its analysis by using likelihood ratio tests. Future sequencing and phylogenetic analyses of these reproductive proteins are necessary to determine whether their rapid divergence is promoted by positive selection or caused by lack of constraint. It also will be important to determine in general what proportion of reproductive proteins show signs of selectively driven rapid evolution seen herein.
Our demonstration of positive Darwinian selection in female as well as male reproductive proteins lends support for models of sexual conflict and sperm competition driving the divergence of reproductive proteins (2, 20, 37) . Although the nature of the selective pressure remains unclear, our observation that selection acts to diversify a region in ZP3 previously identified as functionally important for species specificity suggests that the selective pressure may be related to male-female interaction, in this case sperm-egg interaction.
